To determine whether pancreatic B cells show a constant secretion pattern during repeated stimulations, we have used a sequential hemolytic plaque assay to monitor their individual insulin release during several successive 30-min incubations in the presence of 16.7 mM glucose. We have found that the total B cell secretion did not vary significantly in these successive glucose stimulations and that, under these conditions, the majority of B cells that were stimulated to release insulin during the first incubation also secreted during the second, third, and, when this was tested, during the fourth incubation. Similarly, most of the B cells that did not release detectable amounts of insulin during the first incubation did not secrete also during the two (or three) subsequent secretion tests. Together, the two groups of B cells that showed a constant secretory pattern, represented -75% of the entire B cell population. The remaining 25% of B cells shifted from a secreting to a non-secreting state, or vice versa, from one incubation to another. These observations were made under three different time frames in which we tested single B cells as well as B cell clusters at rather different intervals. These findings support the existence of distinct B cell subpopulations differing lastingly in their ability to secrete insulin in response to glucose. (J. Clin. Invest. 1991.
Introduction
Within the islets of Langerhans, individual B cells differ markedly, in terms of organelle content (1, 2) , extent of intercellular coupling (3) , threshold for both glucose-induced electrical activity (4) , and release of insulin-containing granules (5) . Marked differences have also been observed in vitro between isolated B cells in so far as the biosynthesis of new proteins (6) , electrical activity (7, 8) , and glucose-activated metabolic redox response (9) are concerned. Furthermore, using a hemolytic plaque assay for insulin, a wide heterogeneity in the secretory response of B cells to glucose has been reported (10) (11) (12) . Thus, in preparations of islet cells stimulated by glucose, all intermediates were seen between B cells that secreted huge amounts ofinsulin and B cells that did not secrete detectable amounts of the hormone, if they secreted at all (10) (11) (12) .
The causes of this in vitro heterogeneity, under conditions in which all B cells are exposed simultaneously to the same environment (10) (11) (12) , are unknown. Among the possibilities that should be envisaged, the most obvious are that either all B cells have the same ability to respond to glucose but do not secrete synchronously, or that there are distinct B cell subpopulations differing lastingly in their ability to release insulin after glucose stimulation. If the first hypothesis was true, the repeated exposure of a same B cell population to a stimulatory concentration of glucose should reveal the changing response of individual B cells that, with time, would fluctuate between a secreting and a non-secreting state. By contrast, if the second hypothesis was correct, the same test should reveal a more constant activity of B cells, most ofwhich would be expected either to secrete repeatedly upon successive stimulations or to be repeatedly insensitive to the secretagogue. In order to address these possibilities, we have now developed a hemolytic plaque assay that permits to study the insulin secretion ofindividual B cells, during successive stimulations. Using this system, we have found that individual B cells show distinct secretory patterns and that, in a large majority, they reproduce a given secretory pattern during successive glucose stimulations.
Methods
Preparation ofislet cells. Islets of Langerhans were isolated by collagenase digestion from the splenic portion of the pancreas of male Sprague-Dawley (SIVZ) rats weighing 250-350 g (5) . The isolated islets were incubated for 15 min at room temperature in 1 ml of a Krebs-Ringer-bicarbonate medium prepared without adding Ca2" and supplemented with 11.2 mM glucose, 0.5% bovine serum albumin (BSA), and 3 mM EGTA (10) . At the end of this incubation, the islets were aspirated three times into a 2-ml syringe through a 18-gauge needle. This procedure was repeated using a 22-gauge needle and, finally, a 25-gauge needle. The resulting suspension, consisting of single cells and clumps of various size, was transferred into a rotating spinner flask and exposed for 3 min at room temperature to 1 mg/ml trypsin (1:250; Difco Laboratories, Inc., Detroit, MI) in the same Krebs-Ringer-bicarbonate Ca2+-free medium. The cells were then diluted with sterile RPMI 1640 medium (Gibco Laboratories, Grand Island, NY) supplemented with 10% fetal calf serum (FCS), 1 10 U/ml penicillin, and 1 10 4g/ml streptomycin (RPMI medium), centrifuged for 10 min at 130 g, and resuspended in RPMI medium. This procedure was repeated twice more before aliquots of2 X I05 cells, suspended in 4 ml ofRPMI, were plated per 60-mm Petri dish to which cells do not adhere (no. 1007; Falcon Plastics, Oxnard, CA). Cells were cultured 12-18 h at 370C in a humidified incubator gassed with air and CO2 to maintain medium pH at 7.4.
Sequential hemolytic plaque assay for insulin. The protocol we previously developed to quantitate insulin secretion using a reverse hemolytic plaque assay (10) , was modified to permit the sequential study ofvery same B cells. Briefly, 50-,gl glass chambers coated with 0.1 mg/ml of poly-L-lysine (mol wt 150,000-300,000; Sigma Chemical (no. 1916-92525; Bellco Glass, Inc., Vineland, NJ). Overnight cultured islet cells were diluted to a density of5 X I04 cells/ml in RPMI medium and 50-Ml aliquots ofthis preparation were injected per chamber. After a 45-min incubation at 370C in an air/CO2 incubator, during which cells adhered to the polylysine-coated glass, the chambers were thoroughly rinsed with RPMI medium and then filled with a modified Krebs-Ringer-bicarbonate medium supplemented with 4% protein Acoated sheep red blood cells (SRBC), 0.1% BSA, 0.1% ascorbic acid, 16 .7 mM glucose, a specific and heat-inactivated (45 min at 560C) anti-insulin serum (13) diluted 1:50, and guinea pig complement diluted 1:50 (Behring Institut, Marburg, Federal Republic of Germany). This medium is hereafter referred to as test medium. After a 30-min incubation at 370C, the glass chambers were transferred to the stage of an inverted microscope (IM 35; Zeiss, Oberkochen, Federal Republic ofGermany) and photographed at a magnification of 100 for the subsequent localization of individual cells and measurement of the hemolytic plaques they may have induced. 30 min later, once all photographs had been taken, the chambers were rinsed with RPMI medium to wash out completely the SRBC carpet (the position of islet cells, which were firmly attached to the poly-L-lysine-coated slides, did not change during this rinsing) and then refilled with test medium. After a second 30-min incubation at 370C, the chambers were photographed again and the entire washing-refilling-incubating-photographing procedure repeated a third time. At the end ofthe third 30-min incubation, the chambers were filled with 0.02% Trypan blue in phosphatebuffered saline (PBS) and incubated for 10 min at room temperature. After rinsing with PBS, they were finally filled with Bouin's fixative.
A second series of experiments was performed according to the same protocol, except that the interval between each ofthe three successive 30-min incubations was set at 3 h. In this case, once the assay chambers had been photographed, they were filled with RPMI medium and incubated at 370C into a humidified incubator gassed with air and CO2 until the beginning of the next secretion test.
A third series of experiments was designed to test B cell secretion during another time frame by adding of a fourth incubation test after an interval which was not a multiple or a fraction ofthe intervals tested before. To this end, insulin release was assessed during four successive 30-min incubations at intervals of 30, 180, and 75 min, respectively. The rest of the protocol was otherwise identical to that of the two first experimental series.
Immunoidenti/ication ofB cells. To identify the insulin-containing B cells, the Bouin's fixed chambers were rinsed in PBS, passed through a series ofgraded ethanols, and incubated for 2 h at room temperature with the same guinea pig anti-insulin serum which was used in the plaque assay test, diluted now 1:200 in PBS. Upon rinsing, the chambers were filled for 1 h, at room temperature, with a fluoresceinlabeled rabbit serum against guinea pig IgG (Institut Pasteur, Paris, France) diluted 1:200 in PBS, rinsed in PBS, filled with a 0.02%p-phenylenediamine in a PBS/glycerine solution (1:2, vol/vol), and eventually sealed.
Quantitative analysis. Two to three experiments were performed according to each of the protocols to evaluate (a) the percentage of single B cells and B cell clusters forming hemolytic plaques, (b) the individual areas of these plaques, and (c) the secretion pattern of individual B cells and clusters. To determine the proportion of cells surrounded by hemolytic plaques, about 200 single B cells and clusters were scored per experiment on the photographs taken at the end of each incubation. Counts were restricted to Trypan blue-excluding single B cells identified by a positive immunolabeling for insulin at the end of the last incubation. The same criteria were applied-for scoring clusters, i.e., little aggregates containing no more than five B cells and no other islet cell types. To evaluate the area ofhemolytic plaques, photographs ofthese plaques were projected on a graphic tablet (model 4953, Tektronix, Inc., Beaverton, OR) connected to a IBM PC-XT 5150 programmed for automatic surface measurement. Data were computed separately for single B cells and B cell clusters. Total plaque development of single cells and clusters (14) , was calculated by multiplying the values of the percentage of secreting cells and ofthe average hemolytic plaque area. Comparison of the photographs taken at the end of each of the three successive test incubations allowed us to identify repeatedly a series of very same cells and clusters, because of their constant position with respect to the grid photoetched on the coverslip. In this way, individual cells could be scored repeatedly for the presence or absence of a hemolytic plaque.
Percent data, average areas of hemolytic plaques and total plaque development values were expressed as mean±SEM and were compared using a Student's unpaired t test. Fig. 1 shows part of a plaque assay chamber at the end of a 30-min incubation in the presence of 16.7 mM glucose. The individual position of single cells and clusters can be determined precisely, with respect to the letters and grid bars photoetched on the coverslip that formed the top of the assay chamber. As shown, the B cells that secreted insulin have become surrounded by a clear circular plaque of hemolysis, whereas other B cells that did not secrete detectable levels of insulin are still closely surrounded by a regular and dense carpet of intact red blood cells. Comparison ofphotographs taken at the end ofeach ofthe successive test incubations showed that islet cells were firmly attached to the floor of the chamber and did not modify their position during the assay, as judged by their constant relationships with the numbers and letters ofthe chambers' top ( Fig. 2) . These chambers were therefore used to assess repeatedly the secretion ofa number ofvery same B cells during successive glucose stimulations.
Results
To this end, we evaluated the proportion of single B cells and B cell clusters forming hemolytic plaques as well as the individual areas of these plaques, two parameters that reflect the number of secreting B cells and the amount of hormone they released, respectively (10, 15) . As shown in Table I , the values evaluated for single B cells did not change significantly between the first, second, and third incubation. The same was true for B cell clusters which gave values constantly higher (P < 0.03) than those evaluated for single B cells (Table I) . The total insulin output ofsingle cells and clusters was estimated by multiplying the values of the percentage of secreting cells and of the average hemolytic plaque area. As shown in Fig. 3 , the resulting total plaque development of single B cells did not change significantly between the three successive secretion tests. The same was true for B cell clusters which also secreted about three times more (P < 0.03) than single B cells throughout the experiment (Fig. 3 ). This increase is consistent with the average size ofclusters which, in these experiments, comprised 2.8±0.1 (n = 8) B cells. The size distribution of clusters was similar from one experiment to another. Out ofthe 1,318 clusters that were scored, 52.5±3.7% comprised two B cells, 26.8±1.9% three B cells, 1 1.6±1.9% four B cells, and 8.9±2.2% five B cells.
When the secretory pattern ofvery same cells was analyzed repeatedly, we found that whereas some B cells secreted throughout the three incubations of each experiment, others never secreted detectable amounts ofinsulin' and others, even-1. To assess whether these B cells were also insensitive to other secretagogues, preliminary experiments were performed by adding glucagon during the third incubation. Under these conditions, we observed that at least part ofthe B cells that did not secrete to a detectable level during the first two incubations in the presence of 16.7 mM glucose could nevertheless release sizable amounts ofinsulin when subsequently stimulated by glucagon (E. Giordano, unpublished observation). tually, secreted in only one or two ofthe three test incubations (Fig. 2 ). Scores showed that the majority of single cells and clusters retained throughout the experiment the secretory pattern they showed during the first incubation. Thus, 65.7±4.9% (n = 3) ofthe single B cells that secreted during the first incubation were also stimulated by glucose during the two successive secretion tests. In the same preparations, 91.8±0.2% of the B cells that did not elicit the formation of a hemolytic plaque during the first incubation also failed to secrete detectable amounts ofinsulin during the last two incubations ofthe experiment. Corresponding values for B cell clusters were 90.9±0.9% and 78.3±5.0% (n = 3), respectively.
The B cells that secreted constantly represented 36.6±4.4% of the 700 single and viable B cells that could be followed throughout the three successive glucose stimulations. The B cells that failed constantly to induce the formation of a hemolytic plaque represented 39.8±6.9% of this same population. Pooling these two groups revealed that 76.5±8.8% of single B cells showed a constant secretory pattern throughout the experiment, i.e., they were either repeatedly sensitive or repeatedly insensitive to glucose stimulation (Fig. 4 ). The proportion of these "constant" cells was significantly (P < 0.001) higher than that (22.9±5.1%) of the remaining "fluctuating" B cells, that shifted from a secreting to a non-secreting pattern from one incubation to another (Fig. 4) . Analogous observations were made with the 557 B cell clusters that could be identified at the end ofthe three successive test incubations ofeach experiment. 71.7±4.8% ofthese clusters secreted in each ofthese three incubations, whereas 16.2±2.4% never did so to a detectable level. Thus, the total proportion ofclusters showing a constant secretion pattern (87.9±1.1%) was significantly (P < 0.001) larger than that (1 1.7± 1. %) ofclusters showing a changing secretory response from one incubation to another (Fig. 4) .
To assess whether these findings were dependent on the particular protocol we had chosen (three glucose stimulations 30 min apart) or could be reproduced within a different time frame, we repeated the experiments, leaving a 3-h interval between each ofthe three successive 30-min glucose stimulations. The primary data evaluated under these new experimental conditions (Table II) showed that single B cells secreted in similar proportions and to a same extent in each ofthe three successive incubations. As a result, the total development of hemo- 30-min incubation in the presence of 16.7 mM glucose. In field 71 illustrated in the first row, a cell that secreted insulin in response to glucose all throughout the experiment (white arrow) coexists with a cell that did not form a hemolytic plaque during the three successive test incubations (black arrow). Both cells displayed the same secretory response ("on" and "off", respectively) throughout the experiment and were thus referred to as constant cells. Field FK illustrated in the second row contains a small cluster (white arrow) of four B cells that also showed a constant secretion pattern. Field 5J illustrated in the third row shows the coexistence within a same preparation of constant (white arrow) and fluctuating B cells (arrowheads). Among the latter cells, one (white arrowhead) did not form a hemolytic plaque during the first incubation but did secrete a sizable amount of insulin during the second and third incubations. The other cell (black arrowhead) secreted during the first but not during the second and third incubation. These two cells changed their secretory pattern during the three experimental tests and were therefore referred to as fluctuating B cells. Scale bar, 100 ,m. lytic plaques was not statistically modified throughout the experiment (Fig. 3 ). Analogous observations were made for B cell clusters (Table II) , which also showed a total plaque-development twice as high as that ofsingle B cells (Fig. 3) . As in the first series ofexperiments, the majority ofB cells showed a constant secretory pattern. Thus, 54.4±9.3% (n = 3) ofthe single B cells and 67.6±10.7% of the B cell clusters that elicited the formation of a hemolytic plaque during the first incubation continued to do so during the second and third incubations which took place 3 and 6 h later, respectively. Similarly, 76.6±4.3% of the single B cells and 75.7±3.4% (n = 3) of the B cell clusters that did not elicit the formation of a hemolytic plaque at the beginning ofthe experiment also failed to do so during the two last exposures to glucose. Furthermore, analysis of individual secretory patterns showed that the proportion ofconstant cells (68.4±1.2%) was larger (P < 0.001) than that (31.4±1.3%) of fluctuating cells (Fig. 4) . Similar conclusions were reached by comparing the proportion of constant and fluctuating clusters ( Fig. 4) , which represented 71.6±7.4% and 28.2±8.4% of the entire cluster population, respectively.
To assess whether B cells may be activated asynchronously, the insulin secretion ofindividual B cells and clusters was studied during four successive incubations, at intervals of 30, 180, and 75 min, respectively. As in the two previous protocols, most of the 459 B cells scored showed a constant secretory behavior. The same was true for the 266 clusters counted. Thus, 78.8±7.4% (n = 2) ofthe single B cells and 82.5±4.6% (n = 2) ofthe B cell clusters that elicited the formation ofa hemolytic plaque during the first incubation also did so during the second, third, and fourth incubations. Similarly, 70.4±1.3% (n = 2) of the single B cells and 62.6±0.5% (n = 2) of the B cell clusters that did not elicit the formation of a hemolytic plaque at the beginning of the experiment also failed to do so during the three subsequent exposures to glucose. Analysis of the secretory pattern of individual cells showed that the proportion of constant cells (70.2±2.7%) was larger (P < 0.001) than that (29.8±2.7%) of fluctuating cells (Fig. 4) . Similarly, the proportion of constant clusters, which represented 69.3±3% of the entire cluster population, was larger (P < 0.001) than that (30.6±3%) of fluctuating clusters (Fig. 4) .
The fluctuating population was further analyzed to distinguish the B cells that secreted insulin during two successive incubations from those that did not secrete during two consecutive incubations and from those that shifted from a secretory to a nonsecretory state, or vice versa, at each secretion test. The distribution of these cell groups was similar in the three protocols tested. Pooling of the data from the eight experiments performed showed that 6.1±1.6% of single B cells were able to induce a hemolytic plaque during two successive test incubations, 14 .5±2.1% failed to induce such a plaque consecutively for two incubations, and 6.6±1.5% changed their secretory sta- 
Discussion
We have developed a sequential hemolytic plaque assay to monitor repeatedly the insulin release of individual B cells, during successive exposures to stimulatory concentrations of glucose. We have first performed these test incubations at intervals of either 30 min or 3 h, to test the functioning of the very same B cells over total periods of time of 2. tively. Within these two time frames, we have found that the total development ofhemolytic plaques, which is a reflection of the entire insulin output ofa B cell population (14, 16) , was not significantly modified from one incubation to another. We have also observed that, as previously reported (10-12, 14, 16) , this unchanged total secretion was not contributed to a similar extent by each B cell but was actually the integrated result of individual secretory activities that differed markedly from one B cell to another. Indeed, in all preparations, actively secreting B cells coexisted with apparently non-secreting B cells, and all intermediates were seen between these two extremes. This apparent heterogeneity,2 under conditions in which all B cells are exposed simultaneously to the same environment, could be due to the asynchronous activation offunctionally alike B cells, or to the existence of distinct B cell subpopulations differing lastingly in their ability to release insulin in response to glucose. To distinguish between these possibilities, we have monitored repeatedly individual B cells, in order to determine whether their secretory pattern changed in a random fashion from one incubation to another or, in contrast, remained the same throughout the experiment. We have found that most of the B cells that secreted actively during the first incubation remained secretory active also during the two successive stimulations. Similarly, the B cells that did not release detectable amounts ofinsulin, ifthey secreted at all, during the first stimulation also failed to secrete appreciably during the rest of the experiment. Together, the secreting and non-secreting B cells that showed a constant secretory pattern throughout the experiment, represented -75% of the entire B cell population, i.e., they were about three times more abundant than the B cells that turned from a secreting to a non-secreting state, or vice versa, from one incubation to another. The observation that "constant" B cells predominated "fluctuating" B cells in each experiment and under two experimental protocols (stimulation every 30 or 180 min) devised to test rather different time frames argues against a random fluctuation of B cells between an active and an inactive secretory state, as would be expected if all B cells were similarly sensitive to glucose but were releasing insulin asynchronously. To further dismiss such an asynchronous behavior, a protocol was designed to test B cells during a different time frame, including an interval which was not a multiple or a fraction ofthe intervals tested before. Again, in this protocol constant B cells predominated fluctuating B cells. Irrespective of the protocol chosen, the three subcategories of B cells that were distinguished in the fluctuating population were similarly represented from one experiment to another. These data suggest that a previous exposure to a stimulatory level of glucose is not a prerequisite for a subsequent sugar-induced stimulation of insulin release, at least for a sizable proportion of B cells. Although these data do not exclude the possibility that the threshold for glucose-induced insulin secretion may be modulated at the level of individual B cells, they provide direct evidence that this threshold is not markedly lowered in the majority of B cells during repeated exposures to the sugar.
Taken together, these data support the existence of B cell subpopulations differing markedly in their ability to release insulin and able to reproduce a given secretory pattern lastingly, and during repeated challenges by their major natural secretagogue. This tentative conclusion raises questions as to the factors that may modulate differentially the glucose sensitivity of individual B cells. Insulin-producing cells have already been shown to differ in terms of threshold for glucose-stimulated electrical activity (4, 7, 8), protein biosynthesis (6, 17) , metabolic redox state (9) , and secretagogue-induced oscillations of intracellular Ca2l concentrations (18). However, whether any of these apparently intrinsic biophysical and metabolic characteristics are related to, or may be even responsible for the differences we have observed in the secretory behavior of individual B cells, remains to be established. It is also uncertain why some B cells appear unable to release insulin, at least to any significant level, when properly and repeatedly stimulated by glucose. We have recently obtained evidence that these B cells are equipped with the same glucose transporter (D. Bosco, unpublished observation) and ionic membrane channels than secreting B cells, and share with them the same secretagogue-induced changes of major electrical conductances (19) .
These two observations suggest that at least the first steps ofthe mechanism that normally couples the stimulus by glucose to insulin secretion (20) are preserved in the B cells which cannot induce the formation of a hemolytic plaque. That the more distal steps of the secretory machinery of these cells can also be activated is suggested by our preliminary observation that at least some ofthese glucose-insensitive B cells can be induced to form an insulin-dependent hemolytic plaque when stimulated by glucagon. Therefore, these cells appear to have a normal secretory machinery which is not properly activated by glucose.
Contact-dependent cell interactions may play a role in this defect. Indeed, as in previous studies (10, 14, 16) , we have observed that the proportion of B cell clusters secreting insulin is significantly larger than that of single B cells. Actually, this proportion is larger than that which can be computed, assuming that B cells reaggregate at random and that contact has no influence on their individual secretory pattern. These observations suggest that at least some of the single B cells that are insensitive to glucose do recognize the sugar as a stimulus for insulin release after contacting other B cells. Whatever the contact-dependent mechanism responsible for such an important change (10, 14, 16) , it did not, however, permit to recruit all B cells to secrete lastingly. Thus, at least in vitro, some functionally intact B cells appear repeatedly unable to respond to glucose, including after they have become part of a cluster.
It remains to be established whether these in vitro findings have any relevance for in vivo conditions. We have previously shown that, within individual islets of Langerhans, all B cells do not release insulin at the same rate during glucose infusion (5) . Strikingly, the B cells located in the center of the islets release insulin-containing secretory granules much faster than the B cells that are located at the islet periphery and that began to degranulate only after the glucose infusion had been sustained for several hours (5) . Whether these peripheral B cells correspond to the glucose-insensitive B cells detected in the plaque assay and, at any rate, what may be their role in the islet cell community are presently two completely opened questions.
In summary, we have shown that individual B cells differ markedly in their ability to release insulin when challenged by glucose, and that these functional differences are maintained steadily during successive stimulations spanning variable periods oftime. As in other gland systems in which secretory cells have been shown to be functionally heterogeneous (21) (22) (23) (24) (25) , it is possible that the existence of B cell subpopulations with constant but distinct functional characteristics may be of importance to regulate precisely, in a graded and moment-to-moment way, the amount insulin needed to be secreted in order to match the ever-changing requirements ofthe organism. To test this hypothesis, an assessment of how the ratio of secreting to non-secreting B cells may be affected under other experimental conditions, such as after other time intervals and/or in the presence of various concentrations of different secretagogues is now required. The approach we report here now permits addressing these questions.
